Schaaf-Yang Syndrome (SYS) is a genetic disorder caused by truncating pathogenic variants in the paternal allele of the maternally imprinted, paternally expressed gene MAGEL2, located in the Prader-Willi critical region 15q11-15q13. SYS is a neurodevelopmental disorder that has clinical overlap with Prader-Willi Syndrome in the initial stages of life but becomes increasingly distinct throughout childhood and adolescence. Here, we describe the phenotype of an international cohort of 78 patients with nonsense or frameshift mutations in MAGEL2. This cohort includes 43 individuals that have been reported previously, as well as 35 newly identified individuals with confirmed pathogenic genetic variants. We emphasize that intellectual disability/ developmental delay, autism spectrum disorder, neonatal hypotonia, infantile feeding problems, and distal joint contractures are the most consistently shared features of patients with SYS. Our results also indicate that there is a marked prevalence of infantile respiratory distress, gastroesophageal reflux, chronic constipation, skeletal abnormalities, sleep apnea, and temperature instability. While there are many shared features, patients with SYS are characterized by a wide phenotypic spectrum, including a variable degree of intellectual disability, language development, and motor milestones. Our results indicate that the variation in phenotypic severity may depend on the specific location of the truncating mutation, suggestive of a genotypephenotype association. This evidence may be useful in both prenatal and pediatric genetic counseling.
| INTRODUCTION
MAGEL2 has long been recognized as one of the imprinted, proteincoding genes involved in Prader-Willi Syndrome (PWS [OMIM # 176270] ), and it has been shown that lack of MAGEL2 plays a critical role in in the pathogenesis of PWS (Lee et al., 2000) . PWS is characterized by neonatal hypotonia, failure to thrive, developmental delay/ intellectual disability (DD/ID), hypogonadism, and hyperphagia leading to excessive weight gain in childhood. In 2013, the first four individuals with truncating mutations in the paternal copy of MAGEL2 were reported (Schaaf et al., 2013) . These four patients demonstrated "Prader-Willi-like Syndrome," as they shared partial phenotypic overlap with PWS, including neonatal hypotonia, feeding problems, and DD/ID. However, as the clinical cohort of individuals with truncating pathogenic variants of MAGEL2 expanded, the distinctive phenotypic profile of these patients became more apparent, leading to the renaming of the disorder from "Prader-Willi-like Syndrome" to Schaaf-Yang Syndrome (SYS [OMIM # 615447] ).
In 2017, Fountain et al. reported 28 cases of SYS, and suggested an expanded phenotype that included neonatal hypotonia, feeding difficulties, contractures, and developmental delay, as well as sleep apnea and gastroesophageal reflux (GERD). It was also proposed that individuals affected by SYS are not subject to the later nutritional stages of PWS, and do not typically engage in the characteristic Phase III hyperphagia seen in PWS (Fountain et al., 2017; Miller et al., 2011) .
Additionally, it was reported that SYS patients displayed a higher prevalence of Autism Spectrum Disorder (ASD) diagnoses than patients with PWS (Bennett, Germani, Haqq, & Zwaigenbaum, 2015; Fountain et al., 2017) .
Interestingly, whole gene deletions of MAGEL2 appear to have milder phenotypic consequences than truncating mutations, and do not cause SYS (Buiting et al., 2014; Kanber et al., 2009) . It has been suggested that deletion of the entire paternal copy of the gene and promoter could lead to leaky expression of the maternal copy of MAGEL2, as suggested by studies of mice lacking the paternal MAGEL2 copy (Fountain & Schaaf, 2016) .
As of July 2018, 43 total cases of SYS have been reported in the literature (Bayat, Bayat, Lozoya, & Schaaf, 2018; Fountain et al., 2017; Jobling et al., 2018; Matuszewska et al., 2018; McCarthy et al., 2018; Mejlachowicz et al., 2015; Palomares-Bralo et al., 2017; Schaaf et al., 2013; Soden et al., 2014; Takuji et al., 2018; Tong et al., 2018; Urreizti et al., 2017) . Here, we describe the phenotypic presentation of a total of 78 patients with SYS, the largest cohort reported to date. We also compare the presentation of SYS within two subgroups, based upon the location of the gene mutation, and define genotype-phenotype associations.
| SUBJECTS AND METHODS

| Subjects
To date, 115 individuals with nonsense and frameshift mutations in MAGEL2 have been identified through whole-exome sequencing or single-gene Sanger sequencing, and reported to Baylor College of Medicine in Houston, TX (Dr. Schaaf, personal communication; Figure 1 ). From this cohort, all families for whom contact information was available were notified of the research study. In addition, the research study was announced in the closed Facebook group for SYS (Web Resources I). Families were sent an IRB-approved consent form, as well as a phenotypic questionnaire, providing a detailed review of their child's medical history (Supporting Information). Families were given a one-week deadline to complete the necessary forms and return them to investigators. Inclusion criterion was the presence of a nonsense or frameshift mutation in the paternal allele of MAGEL2 based on previous genetic testing. There were no exclusion criteria.
We received 44 checklists from families. Of these 44, 35 of these patients had not been reported previously, while 9 of them had been reported upon in the literature. For the 43 total patients that had previously been reported, the investigators gathered phenotypic data using completed questionnaires if possible and supplemented this information with the data provided in the literature.
The average age of the cohort is 8.1 years (range: 1 month-24 years; SD: 5.6 years) and consists of 39 male patients and 39 female patients.
| Methods
For the 78 individuals in the study, we investigated the cognitive, neurological, developmental, and physical spectrum of phenotypes through the collection of data in the form of a clinical questionnaire (Supporting Information). Height and weight percentiles were calculated using the online World Health Organization growth chart tool (Web Resources II). Phenotypic information collected from the questionnaires was combined with information provided in previous studies of SYS to provide an overview of the clinical presentation of all 78 patients in the cohort.
For assessment of genotype-phenotype associations, two groups of patients were assessed: (1) those with a c.1996dupC (p. Gln666Profs*47) mutation (n = 35) and (2) patients with nonsense or frameshift mutations other than c.1996dupC (n = 38). Patients with c.1996delC mutations (p.Gln666Serfs*36) (n = 5) were not included in this analysis, as all passed away either prenatally or perinatally, and therefore a full clinical phenotype could not be established. Differences between the two groups on categorical variables were evaluated using the Fisher's exact test. Categorical phenotypic variables included all items provided in the clinical questionnaire, with each variable coded as yes versus no. Differences between the two groups for continuous variables were evaluated using the Student's t test. Continuous phenotypic variables included IQ score, developmental milestones (measured in months), and speech milestones (measured in months). The p values <.05 indicated a statistically significant difference between the variable being tested and the two patient groups.
All analyses were conducted using Stata 14.2.
| RESULTS
Intellectual Disability and Developmental Delay represent the most common phenotypes and are present in 100% of individuals for whom information has been provided. Feeding problems requiring special feeding technique, neonatal hypotonia, and joint contractures are also present in greater than 85% of the cohort.
A summary of cognitive, neurologic, and physical traits of the 78 individuals is provided in Table 1 . All data regarding developmental milestones, speech milestones, and growth parameters is provided in 
| Intellectual disability
The level of intellectual disability is widely variable, ranging from mild 
| Developmental and speech delay
Regarding motor milestones, children typically learn to sit independently by 6 months, crawl by 12 months, and walk independently by 15 months (Dosman, Andrews, & Goulden, 2012) . In contrast, children with SYS on average sat independently at 18 months (range:
8-60 months; SD: 13.1 months), crawled at 31 months (range:
12-84 months; SD: 20.8 months), and walked independently at 50 months (range: 14-132 months; SD: 25.9 months). It should also 
| Growth parameters and skeletal abnormalities
Short stature is defined clinically as manifesting a height that is less than the third centile for one's age and gender (Nwosu & Lee, 2008) .
According to these parameters, 35 of 63 patients (56%) with SYS present with short stature. Among the entire cohort, the average height of individuals measures in the 22nd centile (SD: 0.3), while the average weight measures in the 45th centile (SD: 0.3).
Joint contractures are present in 69 of 78 individuals (88%), while further skeletal phenotypes include scoliosis in 26 of 46 patients (57%), and exaggerated kyphosis in 12 of 37 (32%).
| Sleep apnea, temperature regulation, and hypogonadism
Of the 50 patients that have undergone sleep studies, 38 have been diagnosed with central and/or obstructive sleep apnea (76%). Additionally, 40 of 60 patients (67%) experience temperature instability, either manifesting as excessive sensitivity to the cold or as excessive sweating.
Hypogonadism is found in 21 of 36 males (58%) and 5 of 28 females (18%).
| Genotype-phenotype association
In this report, we also compare the phenotypes of two groups of patients, based upon the locations of their MAGEL2 mutation: patients with any truncating mutation other than c.1996dupC (n = 38) and patients with the c.1996dupC mutation (n = 35). When compared to the rest of the cohort, patients with c.1996dupC mutations show a higher prevalence of joint contractures, feeding difficulties, and respiratory dysfunction, as well as a more profound level of intellectual disability/developmental delay (Supporting Information Table S1 ). We also observed differences in IQ between the two groups for those who were formally evaluated. Specifically, the mean IQ for those with a c.1996dupC mutation (n = 5) was 14.2 (SD: 12.1) compared to 53.2 (SD: 13.5) in those without a c.1996dupC mutation (n = 8) (p-value:
0.0003). This suggests that, on average, those with a c.1996dupC mutation had profound intellectual disability compared to those with a different mutation, who demonstrated mild intellectual disability.
There are also statistically significant differences between the two cohorts regarding motor and speech development. On average, During childhood development, the phenotypic profile of SYS becomes increasingly unique. It has been noted previously that patients with SYS do not typically manifest the hyperphagia and severe obesity seen in children with PWS, and that SYS patients demonstrate a higher prevalence of ASD (Fountain et al., 2017) . Due to the size of our patient cohort, we can provide further evidence to bolster these early findings. Our results also reveal additional distinctions, as SYS patients tend to have a more severe form of developmental delay and a more profound level of intellectual disability (Table 3) As the use of molecular genetic testing increases worldwide, it is becoming apparent that several different conditions originally described based upon clinical presentation may be caused by truncating mutations in MAGEL2. (Jobling et al., 2018; Mejlachowicz et al., 2015; Takuji et al., 2018; Urreizti et al., 2017) .
| DISCUSSION
OTCS is a rare genetic disorder characterized by craniofacial abnormalities, variable intellectual and psychomotor disability, arthrogryposis, hypotonia, and cardiac defects with a high mortality rate. In 2017, Urreizti et al. reported on 10 patients initially diagnosed with OTCS that underwent whole exome and genome sequencing and found that one of the 10 harbored a truncating mutation in MAGEL2.
Due to the similarities between SYS and OTCS, it has been suggested that the 60+ individuals with OTCS should be tested for variants in MAGEL2 (Urreizti et al., 2017) . Chitayat-Hall syndrome was first ing to fatalities in utero or perinatally (Fountain et al., 2017; Mejlachowicz et al., 2015; Takuji et al., 2018) .
In the following paragraphs, we present the emerging phenotype and natural course of SYS and present the genotype-phenotype associations related to the specific location of the MAGEL2 mutation.
| Infantile phenotype: Hypotonia, feeding difficulties, and joint contracture
Neonatal hypotonia is a nearly universal finding amongst patients with SYS (97%) and contributes to many of the clinical manifestations of the disorder, including feeding difficulties, motor/speech delays, respiratory dysfunction, and skeletal abnormalities.
In the first 2 months of life, most SYS patients are unable to suck an adequate quantity of milk from the bottle or breast, and require a special feeding technique, such as nasogastric tube feeding or the use of a special nipple. While these special feeding techniques are particularly critical in the first few months of life, 53% of SYS patients also require g-tube placement to supplement feeding throughout childhood, suggesting that the feeding difficulties of SYS extend beyond infancy. The hypotonia seen in SYS may also have a deleterious effect on gastric motility, and therefore may play a role in chronic constipation, which is seen in 71% of patients (Chumpitazi & Nurko, 2008) .
In our cohort, 88% of individuals are affected by joint contractures, which range in severity from mild contractures of the distal phalanges to severe AMC, such as those seen in the cases reported by
Takuji et al. (2018) and Mejlachowicz et al. (2015) . Joint contractures and AMC are considered a result of fetal akinesia or hypokinesia, which may be related to the abnormal expression of MAGEL2 in the nervous system during development and to the resulting hypotonia (Mejlachowicz et al., 2015) . Due to their high prevalence, SYS should be considered in the differential diagnosis of any neonate presenting with joint contractures, hypotonia, and feeding difficulties.
| Infantile phenotype: Respiratory distress and sleep apnea
The infantile phenotype of SYS is also notable for severe respiratory distress, as 58% of our cohort required intubation and 55% required mechanical ventilation in the first 2 months of life. In a recent study in France, only 12% of infants with PWS required intubation, and 33% required mechanical ventilation, suggesting a relatively higher prevalence of respiratory distress in SYS (Bar et al., 2017) .
Respiratory issues can be particularly hazardous in early childhood and should be monitored carefully. Three individuals with SYS have passed away within the first year of life due to apnea or respiratory failure, with deaths occurring at 2 days, 2 months, and 9 months postnatally (Mejlachowicz et al., 2015; Tong et al., 2018) .
Overall, 10 deaths have been reported in individuals with SYS, all of whom are included in our cohort of 78. Five individuals with c.1996delC mutations died prenatally or perinatally due to severe AMC and fetal akinesia (Fountain et al., 2017; Mejlachowicz et al., 2015) . It has also been reported that one child with SYS passed away due to cardiovascular failure at 11 months of age (Tong et al., 2018) .
Additionally, one patient with SYS passed away at 8 years of age, following a pancreatic cyst rupture.
The respiratory complications of SYS stem from multiple possible causes. First, while primarily expressed in the hypothalamus, murine models have shown moderate Magel2 expression in the diaphragm and abdominal wall muscles, indicating that loss-of-function could result in decreased respiratory effort and hypoventilation (Kamaludin et al., 2016) . The hypotonia in the abdominal wall and diaphragm may also result in a lessened cough reflex, increasing the risk for aspiration/aspiration pneumonia. The risk of aspiration pneumonia is further increased if the patient is affected by GERD, which has been diagnosed in 57% of our patient cohort, thus prompting further caution.
Respiratory issues may also extend later into childhood and into adulthood, as both central and obstructive sleep apnea are commonly reported problems that must be managed over one's lifetime. As 76% of the SYS cohort has been diagnosed with sleep apnea, we recommend that all patients with SYS undergo a sleep study once per year until the age of 8 years, and then continue to have sleep studies performed every other year after this age.
| Childhood development: Developmental delay/ intellectual disability and autism spectrum disorder
Our results indicate that individuals with SYS display more profound delays in motor and speech development and tend to manifest a more severe form of intellectual disability than those with PWS.
Children with PWS tend to reach milestones of motor development at about double the normal age (Cassidy et al., 2012) . Therefore, they tend to sit independently around 12 months and walk independently around 24 months. In our SYS cohort, these milestones were significantly delayed beyond those of PWS patients, measuring at 18 months and 50 months, respectively. Notably, a sizable portion of SYS patients fails to reach developmental milestones at any age, while those with PWS do reach these milestones, albeit at a delayed rate. In our cohort, 47% of individuals with SYS have not yet learned to crawl, and 35%
have not yet learned to walk independently, with many relying on the assistance of walkers and/or wheelchairs.
Speech delays are quite severe in patients with SYS, as they average 36 months before using their first word, and 40 months before using their first two-word phrase. In contrast, patients with PWS tend to reach both speech milestones around 18 months (Butler, Lee, Whitman, & Lewis, 2006) . Like the pattern seen in motor milestones, patients with SYS often miss speech milestones altogether, as 43% of our cohort have not used their first word, and 78% have not used a two-word phrase.
While developmental milestones are often delayed, it should be noted that SYS patients have not shown any regression in skills, that is, learned motor or mental skills, and are in this way distinguishable from those affected by many neurometabolic disorders.
On average, patients with SYS display a more profound level of intellectual disability than those with PWS, as the mean IQ of SYS patients falls within the moderate disability range, whereas the mean IQ of patients with PWS falls within the mild disability range (Cassidy et al., 2012) .
One of the defining features of the SYS behavioral phenotype is the prevalence of ASD. Of the patients with MAGEL2 mutations that have undergone formal evaluation, 78% have been diagnosed with ASD, compared to 27% of patients with PWS that receive an ASD diagnosis (Bennett et al., 2015) . The extremely high prevalence of ASD in SYS patients suggests that MAGEL2 influences the development of social behavior. Variants of MAGEL2 may play a role in ASD beyond SYS, such that variants in MAGEL2 other than nonsense and truncating may cause "hypomorphic" phenotypes that are also ASDrelated.
| Physical phenotype and skeletal abnormalities
Patients with SYS tend to express a combination of short stature, elevated fat mass, and low IGF-1 levels, suggesting a growth hormone deficiency similar to PWS (McCarthy et al., 2018 (Bischof, Stewart, & Wevrick, 2007) .
SYS also differs from PWS regarding eating behaviors. While hyperphagia is a distinguishing clinical feature of PWS, beginning around the age of 8 years and persisting throughout adulthood, this behavior is only seen in 14 of 56 patients (25%) with SYS (Miller et al., 2011) .
Skeletal analysis of SYS patients shows that 57% have been diagnosed with scoliosis, while 32% have been diagnosed with exaggerated kyphosis. In PWS, it is estimated that scoliosis is present in 30% of children and 80% of adults, suggesting that it is a progressive disorder (Cassidy et al., 2012) . It has been hypothesized previously that MAGEL2 is the scoliosis-determining gene of PWS, as MAGEL2 lossof-function leads to hypotonia and muscle atrophy, and Magel2-null mice exhibit scoliosis (Kamaludin et al., 2016) . Due to these findings and the progressive nature of scoliosis, we suggest continued monitoring of skeletal growth throughout development for all patients with SYS.
| Hypogonadism and temperature instability
Hypogonadism is a consistent finding in both males and females with PWS and is often thought to be of hypothalamic etiology. Up to 80%
of males with PWS are diagnosed with hypogonadism, evident at birth as cryptorchidism (Emerick & Vogt, 2013) . Due to the commonalities between disorders and the hypothalamic expression of MAGEL2 in adult tissues, the prevalence of hypogonadism was analyzed in patients with SYS. Our findings show that 41% of patients have been diagnosed with hypogonadism, with a prevalence of 21 of 36 males and 5 of 28 females. The lower relative prevalence of hypogonadism in SYS patients suggests that the hypogonadism seen in PWS may only in part be the result of MAGEL2 deficiency.
As the hypothalamus serves as the primary CNS component of thermoregulation, we also analyzed temperature instability in SYS patients, finding that 67% of patients experience feelings of excessive cold or excessive sweating.
| Mutational hotspot and genotype-phenotype associations
Nucleotides c.1990-1996 represents a sequence of seven cytosines and function as a mutational hotspot in SYS. Of the 78 reported cases, 42 harbor mutations within this region. The most common mutation is the c.1996dupC mutation, which occurs when an additional cytosine is included within this hotspot by error and is found in 35 of 78 patients. While c.1996dupC mutations represent the most prevalent mutation, the most severe phenotype occurs in individuals with a missing cytosine in this region. To date, five individuals with c.1996delC mutations have been reported, all of whom passed away during gestation or within hours following their birth (Fountain et al., 2017; Mejlachowicz et al., 2015) .
By comparing clinical characteristics between mutation groups, we demonstrate further genotype-phenotype associations found in SYS. Our results indicate that syndromic severity may depend on the specific location of the truncating mutation, as individuals with c.1996dupC mutations show a more severe phenotype compared to all other truncating mutations (excluding c.1996delC mutations). Specifically, individuals with this duplication show a higher prevalence of joint contractures, more severe feeding difficulties, more severe respiratory difficulties, and more significant intellectual disability/ developmental delay (Supporting Information Table S2 ).
Although the pathomechanism of these differences is not well understood, it is important to note that MAGEL2 is a single exon gene, and mutations leading to a premature stop codon are predicted not to cause nonsense-mediated mRNA decay. Instead, it is expected that such mutations will result in a truncated protein product. Therefore, one could speculate that the pathogenic effect may differ depending on the precise location of the mutation on MAGEL2, as it would result in a different truncated protein product. Further studies will be necessary to clarify the underlying pathomechanics behind the variable expressivity of phenotypes seen in SYS.
| CONCLUSION
SYS leads to a complex phenotype, characterized by profound ID/DD, ASD, respiratory dysfunction, feeding difficulties, digestive complications, skeletal abnormalities, sleep dysfunction, hypogonadism, and temperature instability. However, the severity of the SYS phenotype is highly variable, and may depend on the precise location of the mutation in MAGEL2.
Additional studies will be necessary to continue monitoring the expanding cohort of individuals with truncating mutations in MAGEL2, as well as to examine individuals with missense mutations, which have not been reported. Through the continued analysis of these patients, we hope to provide updated recommendations for physicians and families, to provide the best care for those affected by SYS.
